This work focuses on the implementation of high performance systems to the wastewater treatment of sugar factories. For this purpose, systems with immobilised bacteria were studied. For the hydrolysis of organic matter and denitrification, fluidized bed reactors were used. The nitrification was studied with an airlift reactor system. Both hydrolysis and nitrogen elimination were investigated on laboratory and pilot scales in sugar factories.
Introduction
For the German sugar industry, the biological wastewater treatment generally comprises hydrolysis and acidification as a first step, methanisation as a second and aerobic nitrogen elimination as the third step. Because of high calcium concentrations in the wastewater, an additional step for phosphorus removal is not necessary. All three steps are realised in most factories with systems that use suspended biomass for the conversion and degradation of the different compounds.
The immobilisation of bacteria on solid supports offers advantages by facilitating cellliquid separation, enabling much higher concentrations of active biomass in the reaction system (Hejnen et al., 1986; Ehlinger, 1994; Nicolella et al. 2000; Jördening and Buchholz, 2005) . Therefore, we have studied the implementation of systems with immobilised bacteria, on laboratory, and also on pilot scale, for the several steps of wastewater treatment. Concerning the implementation of the methanisation of acidified wastewaters, this could also be realised on the technical scale with, until today, four 500 m 3 reactors in several sugar factories in Germany and Italy (Jördening, 1996a; Jördening and Buchholz, 2000) . This paper will focus on hydrolysis and nitrogen elimination with immobilised bacteria.
The preacidification of high-loaded wastewater prior to methanisation in sugar factories includes the use of ponds as well as reactors, usually without any device for stirring or biomass retention. The conversion rates in those systems are low and the product spectrum cannot be controlled (Jördening, 1996b) .
The aim of our studies is to introduce a high-performance system for hydolysis/acidification. By controlling the hydraulic residence time, the temperature and the pH spectrum of fatty acids could be better regulated. Consequently, methanisation as the next step can be fed with a more desirable substrate (e.g. with a low propionic acid concentration) and therefore show a better performance at a higher process stability. This is achievable with small units, if the bacteria can be immobilised on solid supports. For this purpose, we investigated the use of fluidised bed systems for the hydrolysis/acidification of sugar factory wastewaters in the laboratory and with a pilot-scale reactor in the sugar factory Wierthe (Nordzucker AG, Braunschweig).
Also, for both the nitrification and denitrification, the solid support assisted fixation of bacteria has been shown to increase the volumetric reaction rates (Timmermans and van Haute, 1986; Tijhuis et al., 1992) . Furthermore, immobilisation may increase the process stability, especially with respect to the nitrification. If the process is disturbed by high COD-loading, nitrifying bacteria are normally washed out and thus are reduced in number and activity compared to the faster growing heterotrophic bacteria in suspended cell systems. The immobilisation enables the retention of nitrifying bacteria, even for those disturbances.
With airlift-reactors for the nitrification, loading rates up to 6 kg NH 4 -N/(m 3 d) were achieved on laboratory scale (Zastrutzki, 1996) . With fluidised bed reactors for denitrification, up to 10 kg NO 3 -N/(m 3 d) could be reduced to nitrogen. The up-scaling of these loading-rates up to the technical scale is not realised until today. For conventional plants (contact-digester systems) the performance is in the range of 0.2-0.4 kg NH 4 -N/(m 3 d) (nitrification) and 0.4-0.7 kg NO 3 -N/(m 3 d) (denitrification), respectively. The number of publications concerning the combined use of high performance systems for nitrification and denitrification is very low. To our knowledge, there is no combined system -as proposed in this project -built on technical scale.
Based on laboratory scale investigations, and with theoretical calculations concerning the scale-up, a pilot plant was constructed, built and used for two campaigns in the sugar factory Klein Wanzleben (Nordzucker AG, Braunschweig) ( Figure 1 ).
Materials and methods

Hydrolysis
The studies were carried out on laboratory scale with reactors as shown in Figure 1 (0.75 L), the substrate was a sucrose containing wastewater (20 g/L). The supports used for immobilisation are sand, pumice and coke (diam.: 0.12 -0.5 mm). The experiments were carried out at pH 6.0, which was adjusted by NaOH or lime milk. The pilot scale studies were carried out with a reactor with 1 m 3 volume, sand as support and real sugar factory wastewater ( Figure 2 ) without any supplementation.
Nitrification/denitrification
The scheme of the pilot plant is shown in Figure 3 . The wastewater was added to the denitrification unit (0.12 m 3 ). By overflow, it ran from there to the nitrification unit (0.68 m 3 ). With a pump, the recirculation between both reactors was kept at 400-600% related to the feed. For removal of excess biomass, a settling pipe (0.03 m 3 ), was connected to the denitrification reactor, connected furthermore with a sedimentation tank (0.22 m 3 ) used for the separation between sand and excess biomass. The treated water left the system via an overflow from the nitrification reactor. For the denitrification, sand (diam.: 0.4-0.6 mm) was used as support, porous pumice (diam.: 0.25-0.5 mm) was used for the nitrification. Two real sugar factory wastewaters were used as substrate, one being a COD-containing wastewater and the other a mainly ammonia-containing wastewater.
Analyses concerning the substrates and products, as well as biomass concentration estimations, were carried out according to DEV standard methods (1979) (1980) (1981) (1982) (1983) .
Results and discussion
Hydrolysis
In laboratory-scale studies, three materials were tested as support for acidogenic bacteria immobilisation (pumice, cinder and sand) ( Table 1) .
High biomass concentrations were achieved, especially with the porous supports. The maximum biomass concentration that could be achieved was 55 kg/m 3 volatile suspended solids (VSS) on support for cinder and pumice. For nonporous sand, the biomass concentration achieved only 22.5 kg VSS/ m 3 . With sand, acidifying rates of 188 kg/(m 3 d) sucrose, but 314 and 353 kg/(m 3 d) for cinder and pumice, respectively, could be realised, all data related to the expanded bed volume. Also, for a low hydraulic residence time, high conversion rates of 80-90% could be obtained. The products of the acidification were lactic acid (28-39%), acetic acid (33-36%), ethanol (13-15%), butyric acid (6 -15%) and, to a minor extent, also valeric acid, isobutyric acid and isovaleric acid. In these tests, the propionic acid, which sometimes causes severe problems in the methanisation step, was only found in low concentrations (always , 10%).
In a study concerning the acidification in sugar factory water cycles, lactic acid was found to be the key intermediate during acidification of sucrose in wastewater treatment plants. In our study, this was also confirmed for the acidification with fluidised bed reactors. So the degradation of carbohydrates leads firstly to lactic acid and from there mainly to C1-to C4-fatty acids. Studies of sugar factory water cycles and wastewater treatment plants also showed that for highly alkaline flume waters (pH . 11), the microbial conversion of sucrose to lactic acid (only the L-form) occurs. In one example, for a total COD-concentration of 13.4 kg/m 3 , the sucrose concentration laid at 6.8 kg/m 3 , but more than 30% of the total was converted to lactic acid (4.6 kg/m 3 ).
The first period of work with the pilot scale reactor in a sugar factory gave many problems, caused by extreme weather conditions. However, this also indicates that for the introduction of new systems, even if small and highly reactive, a minimum buffer capacity has to be provided for such disturbances. The sugar acidification for this campaign is shown in Figure 4 . The maximum conversion rate, calculated as total sugar degradation, was 52 kg/(m 3 d).
Nitrification/Denitrification
Before starting the pilot scale study, investigations in the laboratory showed activities up to 10 kg NH 4 -N/(m 3 support d) or 2.3 kg NH 4 -N/(m 3 reactor volume d) (related to the nitrification with 25% support), and 8 kg NO 3 -N/(m 3 reactor volume d). Best results were obtained with pumice (0.25-0.5 mm) for the nitrification and sand for the denitrification (0.5 -0.75 mm) (Zastrutzki, 1995) .
The highest performance achieved in the first campaign was 1.2 kg NH 4 -N/(m 3 d) and 0.9 kg NH 4 -N/(m 3 d) in the second campaign. In both years, the nitrification (with up to 40% support) limited the performance of the whole system, the denitrification rates was four times higher (3.5 -5 kg NO 3 -N/(m 3 d) ( Figure 5 ).
For the kinetic characterisation of the system, and with respect to the modelling of the plant, the kinetic parameters (K M , V max ) of the most important bacteria groups were investigated. Whereas at the beginning significant activity gradients could be found for the denitrification, with time and growth of the biofilm these gradients disappeared. Because of the very intensive mixing in the nitrification reactor, also with respect to the reaction rate, comparable gradients could not be found.
Unfortunately, as is known from conventional plants for this system, the overload with COD produced non-reversible break-downs of the nitrification. The reason is believed to be the rapid increase of heterotrophic bacteria, irreversibly dominating the support matrix.
A dynamic model for the mathematical description of the system was developed, based on reaction mechanisms and rates, mass transfer with the gas phase, residence time behaviour and the total balance. This model could be used as a tool for calculating the effects of changes in several parameters and optimising this complex system. As an example, concentration profiles of oxygen in gas and liquid for riser and downcomer of the airlift reactor are shown in Figure 6 as an important example of the mathematical description that has to be considered, especially in the scale up.
Conclusions
In laboratory-scale experiments, it is shown that the fluidised bed system for the hydrolysis may be a powerful alternative to conventional suspended cell systems, as well as the fact that combination of fluidised bed (denitrification) and airlift reactor (nitrification) may be the alternative for the nitrogen elimination.
Our pilot-scale studies showed that on one hand the performance can be significantly enhanced in relation to suspended cell systems, on the other, this reduction in reaction space also causes a reduction in the buffer capacity of the system.
The modelling of the complex system of the nitrification/denitrification is helpful in understanding the whole process and, essentially, the up scaling.
Further work has be carried out concerning the understanding of the behaviour and changes of immobilized catalysts during use as, for example, the irreversible coverage of nitrification biofilms by heterotrophic bacteria.
